A broad zone of sympatry between two morphologically and ecologically similar blue mussels Mytilus trossulus (Gould) and M. edulis (L.) extends from the Canadian Maritimes into the Gulf of Maine. The zone boundary and the southern range limit of M. trossulus coincide with the position of the Eastern Maine Coastal Current (EMCC). This current has not been recognized as a biogeographic boundary. However, the flow field associated with the EMCC essentially divides the eastern and western Gulf during the part of year when mussel populations in the eastern portion of the Gulf are reproductively active and thus may be a hydrodynamic barrier to the westward dispersal of M. trossulus larvae. Alternatively, a strong gradient in water temperature associated with the EMCC may create a physiological barrier to M. trossulus larvae. We examined spatial variation in the abundance of M. trossulus and M. edulis along the coast of Maine using two diagnostic DNA-based markers. Although we detected M. trossulus in mussel populations in offshore locations in central Maine that were directly in the path of the EMCC, the abundance of this species declines dramatically at sites beyond the influence of this current. Variation in the abundance of adults, however, cannot differentiate between the effects of the EMCC on larval transport vs physiological tolerance. Thus, we also conducted a temperature challenge experiment investigating the species-specific variation in larval survival at temperatures ranging from 58C to 208C. We found that larval mortality was generally higher for M. trossulus relative to M. edulis larvae when exposed to 208C early during development. These results suggest that differences in larval thermal tolerance help to structure the southern range limit for M. trossulus in the Gulf of Maine.
INTRODUCTION
Blue mussels, in the genus Mytilus, are common rocky intertidal and shallow subtidal bivalve molluscs that are widely distributed in the temperate and sub-polar regions of both the Northern and Southern hemispheres (Gosling, 1992) . Three closely related species of blue mussel, M. edulis (L.), M. trossulus (Gould) and M. galloprovincialis (Lamarck), are currently recognized. Although these three species are genetically distinct in allopatry, hybridization is common wherever the ranges of any two species overlap (Gosling, 1992) . For example, a broad zone of sympatry between M. edulis and M. trossulus extends from northern Newfoundland and Labrador south to the Gulf of Maine in the northwest Atlantic (Varvio, Koehn & Vainola, 1988; McDonald, Seed & Koehn, 1991; Bates & Innes, 1995; Comesan˜a et al., 1999; Rawson, Hayhurst & VanScoyoc, 2001) . Phylogenetic evidence suggests that M. trossulus colonized the northwest Atlantic from the Pacific and has spread throughout the Canadian Maritimes and into the Gulf of Maine subsequent to the Last Glacial Maximum (Rawson & Harper, 2009 ). In a previous study , we observed an abrupt decline in the abundance of M. trossulus such that populations in eastern Gulf of Maine contain a mixture of M. edulis, M. trossulus and their hybrids, while populations in the central and western Gulf contain predominantly M. edulis. Given the comparatively recent arrival of this species in the Gulf of Maine region (Rawson & Harper, 2009 ), we are interested in what physical and biological processes are acting to structure the current southern range limit for M. trossulus and thus the southern boundary of the hybrid zone.
The distributional limits for a large number of coastal marine species whose larvae spend at least some time in the plankton tend to cluster at locations where major current systems diverge (reviewed by Gaylord & Gaines, 2000) . For example, Briggs (1974) and Roy, Jablonski & Valentine (1998) have shown that a faunal break occurs at Cape Hatteras, North Carolina, where the Gulf Stream diverges from the coast and interacts with southward flow from the lower portion of the Labrador Current. A modelling study by Gaylord & Gaines (2000) suggests that the flow field associated with biogeographic boundaries can limit larval dispersal and thereby constrain, at least temporarily, the geographic range of a species with a dispersive larval stage. The Eastern Maine Coastal Current (EMCC) is the most coherent and vigorous segment of the general circulation pattern in the Gulf of Maine, particularly during the summer and early autumn. This tidally driven current originates near the mouth of the Bay of Fundy (Fig. 1) , flows west-southwest along the eastern Maine coast and then bifurcates near the mouth of Penobscot Bay with the majority of the current turning to the south, flowing away from the coast and contributing to an anti-clockwise gyre centered around Jordan Basin (Pettigrew et al., 1998 (Pettigrew et al., , 2005 .
The EMCC influences the distribution of Alexandrium spp. and plays a prominent role in the development of toxic blooms and paralytic shellfish poisoning associated with this dinoflagellate (Keafer et al., 2005) . Although the EMCC is not considered to represent a major biogeographic boundary, it may have a profound influence on the distribution of M. trossulus in the Gulf of Maine. Maloy, Barber & Rawson (2003) have shown that the reproductive effort of blue mussels in eastern Gulf of Maine populations, the most likely source of M. trossulus larvae in the region, peaks during the late summer (August and September). Because larval development in mussels typically takes from three to four weeks (Widdows, 1991) , the peak dispersal window for M. trossulus occurs during the time period when the influence of the EMCC along the eastern Maine coast is most pronounced. If M. trossulus larvae, produced in the eastern Gulf of Maine, are carried offshore by the EMCC and enter the gyre around Jordan Basin their opportunities for successful recruitment will be limited. Thus, the divergence of the EMCC away from the coast may create a significant barrier to the dispersal of M. trossulus beyond Penobscot Bay (dispersal hypothesis).
However, coastal biogeographic boundaries are also characterized by sharp discontinuities in habitat and such habitat shifts may represent a significant physiological barrier to range expansion (Gaylord & Gaines, 2000) . Water temperatures within the EMCC are typically several degrees cooler than the water found to the west of Penobscot Bay (Pettigrew et al. 1998) , creating an appreciable thermal gradient. Although Braby & Somero (2006) observed significant variation in adult heart rate activity between M. edulis and M. trossulus when exposed to elevated temperatures, they failed to find consistent differences in temperature-based adult mortality between the two species. Alternatively, the early embryonic and larval stages of marine mussels are more sensitive to changes in water quality compared to adults of the same species (Hrs-Brenko & Calabresses, 1969; Bayne, 1976) and larval tolerance to environmental change can be species-specific (e.g., Qiu, Tremblay & Bourget, 2002) . Thus, we have hypothesized that variation in water quality, in particular variation in water temperature, associated with the EMCC, together with species-specific differences in larval thermal tolerance between M. trossulus and M. edulis, limit the dispersal of M. trossulus (thermal boundary hypothesis).
In the present study, we have expanded upon our previous molecular genetic survey of coastal Maine mussel populations by sampling mussels from an additional 13 sites. If the EMCC acts as either a dispersal barrier or creates a thermal boundary to the westward expansion of M. trossulus, as hypothesized above, the frequency of M. trossulus should be higher at sites that are directly in the path of the EMCC relative to sites that are downstream of the EMCC. Thus, we herein compare the frequency of M. trossulus at offshore sites that are directly impacted by the EMCC, such as Mount Desert Rock, Maine, relative to sites downstream of the EMCC, such as Matinicus Rock, Maine. However, such frequency data cannot differentiate between the dispersal and thermal boundary hypotheses we have proposed. To address the relative merit of the thermal boundary hypothesis we also present the results of a short-term experimental study on the relative effects of temperature on the survival of M. trossulus and M. edulis larvae. 
MATERIALS AND METHODS

Expanded coastal survey
The frequency of M. edulis and M. trossulus was examined at 13 sites along the coast of Maine during 2001. Seven of these sites comprise two transects extending off-shore from the Schoodic Peninsula (site 15) to Mount Desert Rock (site 18) and from Penobscot Bay (Brimstone; site 20) to Matinicus Rock (site 22; Fig. 1 ). Two sites, Schoodic Peninsula and Mount Desert Rock, were sampled in 2001 and then again in 2005. Between 50 and 100 adult mussels (12-65 mm shell length) were collected from each site and transported to the University of Maine where a sample of mantle tissue was preserved in 95% ethanol. DNA was extracted from the mantle tissue of individual mussels using the phenol-chloroform method described in Rawson et al. (2001) or using a QIAamp DNA Mini Kit following the manufacturer's protocol (Qiagen) and used as template in two species-specific polymerase chain reaction (PCR)-based genetic assays. The application of these two markers, Glu-5 0 and ITS (rRNA Internal Transcribed Spacer region), both of which target specific nuclear genes, followed the protocols provided by Rawson et al. (1996) , and Heath, Rawson & Hilbish (1995) , respectively. Tests for heterogeneity in the frequency of M. edulis and M. trossulus Glu-5 0 and ITS alleles among sites were performed using the program STRUC in the genetics software package GENEPOP (Raymond & Rousset, 1995) .
Species-specific larval thermal tolerance
The comparative survival of M. edulis and M. trossulus larvae when subjected to elevated water temperature was examined in a laboratory experiment. Approximately 150 adult blue mussels (Mytilus spp.; c.30-50 mm shell length) were collected from the lower intertidal zone within the East Bay portion of Cobscook Bay, Maine (latitude 44856 0 30 00 N; longitude 67807 0 50 00 W) where M. edulis and M. trossulus are sympatric. A small piece of mantle tissue was non-lethally sampled from each mussel and DNA was prepared by boiling a portion of the biopsied mantle tissue in 5% Chelex following the manufacturers protocol (BioRad Inc.). After centrifugation, 0.5 ml of supernatant was used as template in three PCR-based markers, ITS, Glu-5 0 and MAL-I, following the methods of Heath et al. (1995) and Rawson et al. (1996 Rawson et al. ( , 2001 , respectively. All of the mussels were kept on ice while we determined their genotypes. Within 48 h of sampling all individuals that were homozygous for M. edulis (n ¼ 79) or M. trossulus (n ¼ 34) alleles at all three markers were placed in tanks containing 108C seawater at the University of Maine's Darling Marine Center. Although the three markers we employed in this study are considered diagnostic for M. edulis-and M. trossulus-specific alleles, they mark only a small portion of the blue mussel genome. Several studies (Bates & Innes, 1995; Comesan˜a et al., 1999; Rawson et al., 2001; Toro, Innes & Thompson, 2004) have reported appreciable frequencies of mussels with hybrid genotypes from throughout the zone of contact. Thus, the groups of mussels we have classified as M. edulis and M. trossulus likely contain some individuals with introgressed or backcross genotypes that we could not detect with just three markers. However, mussels that we were not able to score at all three markers (n ¼ 26), as well as all mussels that could clearly be identified as hybrids (i.e. those with mixed genotypes; n ¼ 11) were removed from the experiment.
Adult mussels were separated according to species into two tanks and allowed to recover over a period of three days, from 7-10 June 2000. During this time the water in the containers was changed twice daily and the mussels were provided with c.5 Â 10 9 cells day 21 of algal paste (Innovative Aquaculture). After completion of the last water change on June 10, several M. trossulus spawned spontaneously. Based on the volume of fertilized eggs recovered and the number of spent adults, we estimated that between two to four females and as many as six males spawned during this event, although we were not able to control the relative gametic contribution of each mussel. The fertilized M. trossulus eggs were captured on a 20-mm sieve, rinsed with 5-mm filtered seawater and then rinsed into 10 l of filtered, aged, seawater at 108C. Immediately following the M. trossulus spawning event, M. edulis mussels were induced to spawn using a combination of thermal cycling, pricking of the adductor muscle and addition of algal solution as described in Utting & Spencer (1991) , Breese & Malouf (1975) and Loosanoff & Davis (1963) . In all, three female and five male M. edulis were induced to spawn. As each female mussel began to spawn, it was immediately transferred to a 1-l beaker containing filtered, aged, seawater at 108C. From each male, a highly concentrated sperm solution was placed into 1.5 ml tubes and stored at 48C. A roughly equal volume of eggs from all three of the M. edulis females was combined, captured on a 20 mm sieve and gently rinsed with 5 mm filtered seawater. After rinsing, the eggs were subsequently transferred to 10 l of filtered, aged, seawater. Meanwhile, the sperm from all five males was checked for activity and pooled. A 2 ml aliquot of sperm solution was added to the eggs at an approximate ratio of 100 to 1, and the eggs and sperm gently mixed. Two hours post-fertilization, the eggs were examined using a compound microscope and . 90% fertilization was observed for both M. trossulus and M. edulis. To allow for normal early development, the embryos of both species were left undisturbed in 108C water baths until 18 h post-fertilization.
The larvae of each species were subsequently gently mixed and 24,000 larvae were aliquoted into each of 40 separate 1 l beakers containing 800 ml of aged, 5 mm filtered seawater (c. initial density of 30 larvae ml 21 ). Ten cultures for each species were transferred to water baths kept at the four experimental temperatures of 5, 10, 15 and 208C. The experimental chambers (beakers) were gradually brought to the experimental temperatures over several hours before being placed into each recirculating water bath. Temperature was maintained in the 58C and 108C water baths using water chillers with a tolerance of 18C variance in temperature while the 158C and 208C baths relied on the addition of heated seawater the volume of which was regulated by a thermocouple-linked mixing valve. Temperature records taken during the course of the larval thermal challenge experiment indicate that the average temperature within the water baths surrounding the 58C and 108C experimental chambers was slightly lower than the target temperature (4.08 + 0.30 and 9.67 + 0.21, respectively), while the average temperature of the 158C and 208C treatments more closely matched the target temperature (15.01 + 0.89 and 20.17 + 0.79, respectively). In all four cases, however, the temperature did not deviate more than +18C from the mean at any point during the experiment.
The larvae were fed starting at 36 h post-fertilization. Daily feedings consisted of algal paste diluted with 5-mm filtered seawater to a density of 100 cells ml 21 for cultures with D-stage veligers, 200 cells ml 21 for later veligers, and 250 cells ml 21 for pediveligers. The water in each rearing container was changed every four days and the water in each container was continuously mixed by slowly bubbling air through the chambers.
The rearing containers were sampled at 36 h posttemperature challenge and then every 48 h thereafter, to estimate larval density. Sampling was conducted by gently mixing the water in each beaker and withdrawing a 1 ml sample that was then preserved in 95% ethanol. While this is not a typical method for estimating larval density, we sought to increase biological replication in our experiment by including 10 replicate chambers for each temperature by species combination. Given the total number of experimental chambers (n ¼ 80), we preserved samples in 95% alcohol and estimated larval density at a later time in order to minimize the time difference between our sampling of the first and the eightieth chamber. Each sample was subsequently placed in a Sedgewick-Rafter counting cell, examined under a compound or dissecting scope (depending upon stage and size of the larvae) and the number of live larvae present in each sample counted. All preserved larvae with intact body tissue were counted as live at each sampling. At the first sampling, 2 days post-temperature challenge some cultures still contained appreciable numbers of trochophores, especially those in the 58C treatment. Because it was difficult to differentiate live from dead trochophores, this time point was not included when we estimated cumulative or instantaneous mortality. In addition, two replicates were lost for the M. trossulus 158C treatment at 9 days post-challenge due to contamination from the surrounding water bath.
Formal statistical analysis of the species-and temperaturespecific patterns of larval mortality assumes that the initial density in each treatment were equivalent. Thus, prior to analysing the variation in mortality among experimental chambers, we first examined the degree to which starting density varied among chambers using a two-way analysis of variance (ANOVA). Cumulative mortality was then estimated for each container as the inverse of the proportion of live larvae remaining in each culture at each sampling point. These estimates were regressed against the time post-challenge and the slope of the relationship was used to estimate the time at which cumulative mortality for each chamber reached 50% (LT 50 ). The distribution of LT 50 estimates deviated significantly from a normal distribution (Shapiro-Wilks test; P , 0.001); thus, a log transformation was applied to the LT 50 estimates prior to subsequent analysis. We examined whether the log-transformed LT 50 estimates were correlated with initial density in each chamber using a Pearson product-moment correlation. Because there were significant differences in initial density and the correlation coefficient between cumulative mortality estimates and initial density was significant (r ¼ 20.49; P , 0.0001), an analysis of covariance (ANCOVA) was employed to estimate the effect of species, temperature and their interaction on the variance in logtransformed LT 50 values with initial density as a covariate.
Daily instantaneous mortality rates (z) were evaluated as changes in larval density over time for each replicate container by regressing natural log-transformed larval density [ln(density þ 1)] against time post-challenge. The resulting estimates of z, themselves, were not normally distributed (Shapiro-Wilks test; P , 0.0001) and were thus logtransformed prior to subsequent analyses. Because the logtransformed z values were not significantly correlated with initial density (r ¼ 0.247; P ¼ 0.863), we used an ANOVA to examine the effect of species, temperature and their interaction on the variation in instantaneous mortality. All statistical analyses were performed using SYSTAT 12 (SPSS Inc.). The assumption of normality for the dependent variables in each analysis (initial density, log-transformed LT 50 and logtransformed z) was tested by visually inspecting plots of the residual and estimated values and by a Lilliefors' Test. In addition, we examined a priori independent contrasts to test for significant differences in mortality between M. edulis and M. trossulus larvae at each experimental temperature for both the cumulative and instantaneous mortality analyses.
RESULTS
Coastal survey
We genotyped 558 mussels sampled from 13 locations at the diagnostic markers Glu-5 0 and ITS. Combined with our previous work , we have now examined variation in the frequency of M. trossulus-and M. edulis-specific alleles at Glu-5 0 and ITS for a total of 24 mussel populations in the Gulf of Maine. As in our previous survey, we found that mussel populations in the eastern Gulf contain a heterogeneous mix of M. edulis and M. trossulus. For example, we found that the frequency of the M. trossulus Glu-5 0 allele at Starboard Island (site 12) was nearly 35% even though the M. trossulus allele was virtually absent at nearby Jonesport (site 9).
Even more striking was the variation in allele frequency we observed along two offshore transects that we sampled. Near Frenchman's Bay, the frequency of the M. trossulus Glu-5 0 allele increased dramatically from about 10% at the near shore, Schoodic site (site 15) to about 50% at the farthest offshore site, Mount Desert Rock (site 18). The difference in allele frequencies was statistically significant among all four sites along this transect in our 2001 collection (P , 0.0001) and was still evident when we resampled the Schoodic and Mount Desert Rock sites in 2005 (P , 0.0001; Fig. 1) . We also observed a sizable increase in the frequency of the M. trossulus Glu-5 0 allele as a function of distance offshore for the second transect running from Brimstone (site 20) to Matinicus Rock (site 22) in the Penobscot Bay region. Although the difference in allele frequency along this second transect was not as large as that observed for the first transect, it was statistically significant (P , 0.00075).
The results for the ITS marker were highly congruent with those from the Glu-5 0 marker at all sites that we sampled (Table 1) . We successfully genotyped 454 mussels at both the Glu-5 0 and ITS markers, among which, we observed 25 mussels with hybrid genotypes. Two of these hybrids were The data for sites 1 -11 are from Rawson et al. (2001) and the data from sites 12-24 are from this study.
heterozygous at both markers (i.e. were potential F1 hybrids) while the majority had backcross genotypes. The overall frequency of hybrids (c.6%) was much lower than that reported in other studies (e.g. Rawson et al., 2001; Toro et al., 2004) which is perhaps expected given that we employed fewer markers. In addition, Toro et al. (2004) have reported a substantial increase in the frequency of M. edulis alleles for mussels .33 mm in shell length from study sites in Newfoundland. We sampled mussels as small as 12 mm and as large as 65 mm but the vast majority (.95%) were 15 -35 mm in shell length. Although we have not completed as detailed a size frequency analysis as Toro et al. (2004) , it is unlikely that the frequency of M. trossulus alleles was biased downward due to the size of mussels we sampled. Further, the high concordance in speciesspecific allele frequencies at ITS and Glu-5 0 in this and our previous study suggests that the range of M. trossulus extends well into the Gulf of Maine.
Species-specific larval thermal tolerance
We observed species-specific differences in early larval mortality when M. edulis and M. trossulus larvae were held at four experimental temperatures. For most treatments, cumulative mortality for M. trossulus was higher than for M. edulis through day 12 (Fig. 2) . However, mortality exceeded 95% by day 27 in all experimental chambers and there was no apparent difference in cumulative mortality between the two species by the end of the experiment.
Larval survival in marine bivalves can be influenced by culture density. Although we thoroughly mixed the pooled larval cultures for each species prior to dispensing larvae into the individual culture chambers, initial densities ranged from 13 to 60 larvae ml
21 . An ANOVA for initial larval density indicated that there was neither a species by temperature interaction effect (F 3,66 ¼ 0.066; P ¼ 0.978) nor a temperature effect (F 3,66 ¼ 0.593; P ¼ 0.622) on initial larval density.
However, there was a significant difference in initial density among species (F 1,66 ¼ 8.94; P ¼ 0.004) and, in general, initial larval densities were higher for M. trossulus (mean ¼ 33 larvae ml 21 ) compared to M. edulis (mean ¼ 28.5 larvae ml 21 ), irrespective of temperature. Any replicate where the initial density was greater than 2 SDs away from the species-specific means (M. trossulus ¼ 33 ml 21 , M. edulis ¼ 28.5 ml 21 ) were removed from subsequent analyses. Among the remaining replicates, log-transformed LT 50 values were negatively correlated with initial density (r ¼ 20.49; P , 0.001). For this reason, we used a two-way ANCOVA to analyse the variation in log-LT 50 with initial density as the covariate and species and temperature as the main effects. The variation in early larval mortality, noted above, was reflected in the density-adjusted log-LT 50 values (Fig. 3) . Although the LT 50 estimates for M. trossulus and M. edulis were equivalent at 58C, M. trossulus reached 50% mortality 1.5 -3 days earlier than M. edulis at all other experimental temperatures. This pattern led to a significant species-by-temperature interaction in the ANCOVA (F 3,64 ¼ 12.393; P , 0.001). A priori, independent contrasts indicated that the species-specific differences in LT 50 were significant at all temperatures above 108C (all P , 0.001).
We also observed species-specific differences in instantaneous mortality. The regression models used to estimate z for each replicate chamber had R 2 values ranging from 0.61 to 0.98 and, in all cases, were significant (P , 0.05). The logtransformed estimates of z were not correlated with initial density (r ¼ 0.247; P ¼ 0.863) so the variation in z was analysed via a simple two-way ANOVA with species and temperature as main effects. There was a significant speciesby-temperature interaction for instantaneous mortality (F 3,64 ¼ 20.642; P , 0.001). This interaction was driven by dramatic differences in species-specific z values across the temperatures used in our experiment (Fig. 4) . Instantaneous mortality was substantially higher for M .trossulus at 58C and 208C, Figure 2 . Cumulative mortality of Mytilus trossulus and M. edulis larvae at four experimental temperatures. Each data point is the mean cumulative mortality in 6 -10 replicate chambers for each species at each temperature and the error bars indicate the mean + SE.
whereas it was higher for M. edulis at 158C. These differences were all statistically significant as determined by a priori independent contrasts. In contrast, there was no apparent difference in instantaneous mortality between the two species at 108C.
DISCUSSION
Our expanded genetic survey of Gulf of Maine Mytilus populations provides evidence that the range of M. trossulus extends further west into the Gulf of Maine than previously documented. In a previous paper , we reported a substantial decrease in frequency of M. trossulus alleles southwest of Jonesport, ME. At the time, we proposed that the decline in the frequency of M. trossulus was associated with the offshore divergence of the EMCC in the vicinity of Jonesport. The additional sampling we conducted in the present study detected appreciable frequencies of M. trossulus alleles as far west as Matinicus Rock and Monhegan Island (sites 22 and 23), nearly 150 km west of Jonesport. However, most of the M. trossulus we detected along the central coast of Maine were observed on offshore islands or buoys that were sampled along two transects running offshore. For both transects, the frequency of M. trossulus was negligible directly along the mainland but increased substantially with distance offshore. This pattern was particularly evident in the transect we sampled near Mount Desert Island where the frequency of M. trossulus increases from c.10% at Schoodic Point (site 15) to .50% at the Mount Desert Rock (site 18) in both years that we sampled these sites. We also detected appreciable frequencies of M. trossulus at Matinicus Island and Matinicus Rock (sites 21 and 22), two sites that are offshore of Penobscot Bay. In both cases, we found that M. trossulus was more abundant at sites that were directly in the path of the EMCC, an observation that is consistent with the hypothesis that the EMCC creates a hydrodynamic barrier to the westward dispersal of M. trossulus larvae.
Variability in the intensity and position of the nearshore currents, however, can result in a leaky boundary to larval dispersal (Gaylord & Gaines, 2000) . This is likely to be the case for the EMCC in the Gulf of Maine. Xue et al. (2008) have used a Lagrangian particle-tracking algorithm to model the movement of lobster larvae associated with the EMCC in the Gulf of Maine. Their model predictions indicate that the predominant direction of larval movement tracks the EMCC to the southwest. However, in years when the offshore component of the EMCC is weak and east-west continuity is high, more larvae are delivered west of Penobscot Bay than in years when the offshore flow associated with the EMCC is strong. In addition, spatial and temporal variation in larval supply and interannual variation in development time and the direction of prevailing winds were also found to influence the settlement and recruitment patterns of lobster in the model of Xue et al. (2008) . Although M. trossulus adults occur at low frequencies at the Darling Marine Center and Hermit Beach, their presence at these sites west of the Penobscot Bay region indicates that M. trossulus larvae must occasionally disperse past the region where the EMCC turns offshore.
However, coastal biogeographic boundaries are also characterized by sharp discontinuities in habitat, particularly with respect to temperature, and such habitat shifts likely represent a significant physiological barrier to range expansion. Water temperatures within EMCC are typically several degrees cooler than the water found to the west of Penobscot Bay or even that trapped shoreward of the EMCC in eastern Maine (Pettigrew et al., 1998) . This generates an appreciable thermal gradient associated with the EMCC. Thus, in addition to the potential for the EMCC to act as a hydrodynamic barrier, we have considered whether the temperature gradient associated with this current represents a physiological boundary for M. trossulus.
Adult thermal tolerance varies significantly between M. edulis and M. trossulus, as well as for the closely related species M. galloprovincialis. Braby & Somero (2006) found that M. trossulus had a much higher basal resting heart rate compared to M. galloprovincialis, while the temperature threshold at which heart rate activity declined rapidly occurred at lower temperatures for M. trossulus relative to M. galloprovincialis. Their results indicate that M. trossulus is the most cold-tolerant while M. galloprovincialis is most heat-tolerant of the three species. In nearly all cases, heart rate activity for M. edulis was intermediate to the other two species and thus M. edulis is intermediate in terms of thermal tolerance.
The variation in heart rate activity observed by Braby & Somero (2006) is consistent with biogeographical distribution of M. trossulus and M. edulis. On the Atlantic coast of North America, the range for M. edulis extends southward to Cape Hatteras (Koehn, 1991) where summer water temperatures Figure 4 . Comparison of species-specific instantaneous mortality for Mytilus trossulus and M. edulis larvae held at four experimental temperatures. The bars indicate the back-transformed mean rate of mortality (z) for each species at each temperature while the error bars indicate the mean + SE. The asterisks indicate significant differences between the species-specific means at a given temperature (P , 0.001) as determined by a priori independent contrasts. Figure 3 . Estimates of the mean time (days) to 50% mortality (LT 50 ) for Mytilus trossulus and M. edulis larvae held at four experimental temperatures. The height of the bars corresponds to the back-transformed adjusted mean for each species at each temperature obtained from an analysis of covariance with initial density of each chamber included as the covariate. The error bars indicate the mean + 1 SE while the asterisks indicate species-specific means that differed significantly (P , 0.001) in a priori independent contrasts. may exceed 308C, while that of M. trossulus ends in the Gulf of Maine where temperatures seldom exceed 208C. Even so, Braby & Somero (2006) failed to find consistent differences in temperature-based adult mortality between M. edulis and M. trossulus. For example, when mussels were acclimated to 218C the mortality for M. edulis adults was equivalent to or greater than that of M. trossulus adults. In a field study, Mallet & Carver (1995) compared growth and survival for M. trossulus and M. edulis cultured under atidal conditions at several different sites in Lunenburg Bay, NS. They found that M. trossulus had a slightly higher survival rate (95%) compared to M. edulis (90%) at a site where peak water temperatures in August can reach upwards of 208C. Peak summer water temperatures in eastern Maine are typically 15 -168C and west of Penobscot Bay may reach 208C. Thus, at the temperatures typical in the Gulf of Maine, differences in adult thermal tolerance are unlikely to be responsible for the abrupt range limit for M. trossulus in the Gulf of Maine.
In contrast, the range of thermal tolerance is often narrowest in early stages of development for a wide diversity of marine species (e.g. Kinne, 1970; Bayne, 1965 Bayne, , 1976 Bourget, 1983) . Indeed, Brown et al. (1992) suggested that physiological tolerances of early life stages are an important factor regulating species distributions. Recently, Qiu et al. (2002) demonstrated that larval M. trossulus had higher survival during exposure to reduced salinity compared to M. edulis larvae, even though there was no difference in survival when juvenile and adults were exposed to reduced salinity. In a similar vein, we hypothesized that the larvae of M. trossulus are more sensitive to increased water temperatures so that the cooler waters associated with the EMCC in the Gulf of Maine are permissive to M. trossulus larval development while warmer waters adjacent to the EMCC are not.
We detected species-specific differences in larval mortality in our thermal challenge experiment. In the 10, 158C and 208C treatments, mortality was higher for M. trossulus than M. edulis during the first six days of development, resulting in significantly lower LT 50 values for M trossulus (Fig. 2) . Although mortality for both species was similar at 58C, no larvae of either species developed beyond D-stage veligers, indicating that development was dramatically slowed for any surviving larvae at this temperature. We observed a different pattern when we analysed species-specific instantaneous mortality. As we found for cumulative mortality, instantaneous mortality was significantly greater for M. trossulus at 108C and 20ºC. In contrast, M. edulis had higher average instantaneous mortality at 158C due to a dramatic increase in mortality for this species after day 12 while both the cumulative and instantaneous mortality analyses found that mortality was higher for M. trossulus at 208C.
Overall, mortality was .95% in all chambers by day 25 and because of the resulting low densities (,2 ml 21 ) the experiment was terminated prior to settlement. The level of mortality in our study was much higher than that reported by Hrs-Brenko & Calabrese (1969) who observed survival as high as 70% for M. edulis larvae reared at temperature and salinity conditions similar to those in our experiment. While we cannot identify the reason for this discrepancy, food limitation does not appear to have been a cause of the higher mortality in our study. For example, the M. edulis larvae held at 158C and fed up to 250 cells ml 21 had an average growth rate of 7.2 mm d 21 over 25 days in our experiment ). This rate was equivalent to the growth rate for larval M. edulis obtained under similar experimental conditions by Pechenik et al. (1990) . Although mortality was high and the observed differences in larval mortality of the two species were not large, changes in vital rates (growth, mortality) of as little as 5% day 21 may ultimately result in order-of-magnitude differences in recruitment (Houde, 1989) . Thus, the results of our experiment are consistent with the hypothesis that elevated temperatures and differences in larval thermal tolerance contribute to a barrier to the successful recruitment of M. trossulus larvae to sites west of the Penobscot Bay region. There are several limitations to extending the findings from our laboratory-based experiment to larval survival under the conditions often experienced by larvae in natural settings. First, larval growth, survival and eventual recruitment are influenced not only by temperature but by other physical factors, such as salinity, biological factors, such as predation and food limitation, and the complex interactions between these factors (e.g. Bayne, 1983; Pechenik, 1987; Pechenik et al., 1990) . The impact of these factors on species-specific mortality rates were not tested in our experiment. Second, physiological tolerances early in development can be shaped by the thermal history experienced by the adults producing the larvae. Bayne and colleagues (Bayne, 1972; Bayne, Gabbot & Widdows, 1975; Bayne et al., 1978) found that M. edulis larvae from parents acclimated to low temperature had reduced growth rates at temperatures above 168C, while larvae from parents acclimated to 208C were not affected by elevated temperatures. In our experiment, we sampled adults of both species from the same location to minimize such effects. However, M. edulis larvae are produced throughout the Gulf of Maine and those originating in the western Gulf of Maine may be more tolerant to warmer temperatures than either M. edulis or M. trossulus larvae from eastern Maine.
Finally, our experiment examined thermal tolerance of larvae under static conditions in which larvae were held at a single temperature for the duration of the experiment. Not all mussel larvae spawned in eastern Maine are likely to experience a temperature challenge within one to two days of release. Instead, many larvae will be exposed to temperature shifts days and perhaps weeks after release. Because of space limitations, we were not able to hold M. edulis and M. trossulus larvae at permissive temperatures during early development and apply a temperature challenge later in development. Thus, our experiment cannot address whether there are species-specific differences in the response to elevated temperature among older larvae. Additional experiments, where larvae are challenged later in development and the relative settlement and recruitment success of M. trossulus and M. edulis larvae are examined at different temperatures are necessary. However, based on our distribution data and our thermal challenge experiment we suggest that the temperature gradient associated with the EMCC and not the current, per se, is more likely to determine the southern range limit for M. trossulus.
